FIBROPROLIFERATIVE DISEASES contribute to almost half of all deaths in developed countries (53) . Progressive kidney fibrosis resulting in chronic kidney disease (CKD) is a prominent member of this disorder. Recently, interest has focused on CKD developing after an acute kidney injury (AKI) (5) . Tubular injury initiates regeneration, which is accompanied by cell cycle activation and differentiation to support recovery of the nephron. This same process can also initiate profibrotic pathways. Two fundamental unanswered questions in understanding the pathogenesis of tissue fibrosis are how the fibrotic signal occurs and, especially after kidney injury, which cell type(s) initiates the signal.
Cell cycle activation concomitantly activates genes for cyclin-dependent kinase (Cdk) inhibitory proteins that regulate checkpoint controls (19) . We previously described that one such cell cycle regulatory protein, p21 WAF1,CIP1 , was expressed in all renal injuries examined (33) . In the present study, we report that in a model of renal fibrosis caused by unilateral ureteral obstruction (UUO), the genetic knockout of p21 is protective. Furthermore, when we induced the p21 gene specifically in kidney proximal tubule epithelium in mice with a p21 knockout background, UUO resulted in fibrotic changes in the kidney similar to those observed in wild-type mice. These findings indicate that p21 expression can induce the molecular factor(s) needed for fibrosis development, and its expression only in proximal tubules is sufficient to initiate fibrosis throughout the kidney. This fibrotic factor(s) acts through paracrine mechanisms since when only kidney proximal tubule cells were capable of producing p21, the entire kidney was affected and, furthermore, the area of highest proximal tubular density was relatively less fibrotic.
The transforming growth factor-␤ (TGF-␤) signaling pathway plays a major role in all fibrotic diseases, and according to our data, the fibrogenic cytokine TGF␤-1 was not only induced in cultured kidney proximal tubule cells in vitro after p21 expression but also its induction was greater when p21 was overexpressed than after treatment with aristolochic acid (AA), a known inducer of renal fibrosis. TGF-␤ exposure is known to induce p21 mRNA, but this is the first demonstration that increased p21 expression can similarly result in increased TGF-␤ mRNA.
METHODS
Proximal tubule cell culture. Mouse kidney proximal tubule cells (TKPTS cells) (10) were grown at 37°C with 5% CO 2 in DMEMHam's F-12 medium supplemented with 50 U/ml insulin and 7% FBS. Cells were grown for 30 h after being split, and we added adenoviruses where indicated to a final multiplicity of infection of 100. Purvalanol, a chemical cell cycle inhibitor, was dissolved in DMSO and added to a final concentration of 9 M. AA is known to cause progressive renal fibrosis (40, 57) and was added to the culture medium at 0.5 g/ml. We harvested cells and isolated total RNA using TRIzol reagent (Life Technologies, Grand Island, NY). RNA samples were used for quantitative RT-PCR to analyze mRNA as previously described (25) .
For the analysis of TGF-␤ proteins secreted from cells, we cultured TKPTS cells as described above in complete medium for 24 h, changed the medium to serum-free medium, cultured cells for an additional 3 h, and added adenovirus as indicated. Cells were cultured for 48 h, and medium (10 ml from 4 -5 ϫ 10 6 cells) was concentrated by acetone precipitation. Proteins were redissolved in PBS, resolved by 15% SDS-PAGE, and transferred onto a polyvinylidene difluorid membrane using a Bio-Rad mini-blot apparatus. Membranes were stained with Ponceau to detect protein, and later the stain was removed by washing (data not shown). Membranes were blocked in 5% nonfat milk solution and then incubated with primary antibodies against TGF-␤ 1 (dilution 1:1,000, catalog no. sc-146, Santa Cruz Biotechnology, Santa Cruz, CA) and TGF-␤ 3 (sc-82, Santa Cruz Biotechnology) overnight at 4°C. Membranes were washed extensively, incubated with horseradish peroxidase-linked anti-rabbit antibody (GE Healthcare Bio-Sciences, Pittsburgh, PA), and then washed again. Detection was performed with ECL Western blotting detection reagent (GE Healthcare). After detection, membranes were stripped of antibodies and redeveloped using TGF-␤ 2 antibody (sc-90, Santa Cruz Biotechnology).
For quantification of the rate of decay of TGF-␤ 1 mRNA, TKPTS cells were cultured for 24 h after the addition of p21 adenovirus. Transcription was then inhibited by the addition of the RNA polymerase II-specific inhibitor 5,6-dichloro-1-␤-D-ribofuranosylbenzimidazole (DRB; Sigma-Aldrich, St. Louis, MO) to a final concentration of 50 M. At various times after the addition of DRB, total RNA was isolated as described above. The rate of mRNA degradation was subsequently determined using real-time RT-PCR as previously described (47) .
Adenoviruses. Recombinant viruses were generated by homologous recombination using the AdEasy (14) vector system (supplied by Dr. B. Vogelstein). Human p21 WAF cDNA (9) was subcloned into pBluescript SK (ϩ) plasmid (Agilent Technologies, Santa Clara, CA). Adenoviruses expressing fusion proteins of green fluorescent protein (GFP) and p21 full-length protein or truncations (NH 2-terminal, amino acids 1-91; COOH-terminal, amino acids 83-164) were constructed as previously described (56) . Briefly, pEGFP-N3 plasmid (Clontech, Mountain View, CA) was used to fuse p21 in frame with the NH 2-terminal end of GFP. The cassette with these genes was excised with HindIII and HpaI (New England Biolabs) and cloned between the HindIII/HpaI sites of pAdTrack-CMV. The resultant plasmids were linearized by digestion with PmeI and subsequently cotransformed into Escherichia coli BJ5183 cells (Agilent) with the pAdEasy-1 adenoviral backbone plasmid. Recombinants were selected for kanamycin resistance, and recombination was confirmed by restriction endonuclease analysis. Recombinant plasmids were linearized with PacI and transfected into Ad-293 cells. Human Cdk2 wild-type and Cdk2 dominant negative (49) (D145N, DN-Cdk2) cDNA were obtained from Dr. Sander van den Heuvel and Dr. Ed Harlow (Massachusetts General Hospital), and the corresponding adenoviruses were constructed as previously described (56) . Recombinant adenoviruses were amplified in human embryonic kidney-293 cells, purified by CsCl banding, and stored at Ϫ20°C. Adenoviral infections were performed on TKPTS cells at a multiplicity of infection of 100.
Animals. Mice carrying a deletion of a large portion of the p21 gene in which neither p21 mRNA nor p21 protein is expressed were obtained from Dr. Philip Leder (Harvard Medical School, Cambridge, MA). Mice homozygous for the p21 gene deletion were selected from the offspring of heterozygous matings using PCR analysis of tail DNA as previously described (Tyler Jacks laboratory protocol). Wild-type littermates were used as controls.
Full-length human p21 WAF1 cDNA or DN-Cdk2 was fused to GFP as described above. The p21-GFP construct was excised with BglII and NotI and inserted between the BglII and NotI sites in pKAP2 (22) . The DN-Cdk2-GFP construct was excised with EcoRV and NotI and inserted between the BglII/Klenow and NotI sites in pKAP2. Both transgenes were constructed to contain a translation termination site immediately after GFP. The resulting constructions contained the transgene-GFP fusion downstream of the testosterone-inducible, kidney proximal tubule-specific kidney androgen-regulated promoter (KAP) and upstream of KAP gene open reading frames 2-5 and termination/polyadenylation signals. The plasmids were linearized with SpeI/NdeI and used to generate transgenic mice. Mice were screened for the presence of the transgenes by PCR amplification of tail DNA using primers specific for the KAP promoter (5=-CCAACT-GTGGAAAACCACCT-3=) and GFP (5=-GCGGCCGCTTTACTTG-TACAGCTCG-3=), generating fragments of 1,751 or 1,333 bases for DN-Cdk2 or p21 transgenics, respectively. After positive mice had been bred, additional confirmation of the integrity of the transgenes was obtained by sequencing the cDNA-GFP inserts.
Transgenic and p21 knockout mice were crossed to generate strains of mice containing both the p21 gene deletion and either KAP2-p21 or KAP2-DN-Cdk2 transgenes. All mice were bred into a background of 129S1/SvImJ (Jackson Laboratory, Bar Harbor, ME) for at least 10 generations.
Animals were housed at the Veterinary Medical Unit at the Central Arkansas Veterans Healthcare System (Little Rock, AR). When appropriate, animals were painlessly euthanized according to methods of euthanasia approved by the Panel on Euthanasia of the American Veterinary Medical Association. Our animal study protocols were in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals and approved by the Institutional Animal Care and Use Committee of the Central Arkansas Veterans Healthcare System.
In vivo models of renal fibrosis. UUO and release were performed similar to previously described techniques (6, 43) . Transgene expression was induced in 2-mo-old female mice using either 5-mg 21-day release or 12.5-mg 60-day release subcutaneous testosterone pellets (Innovative Research of America, Sarasota, FL) for 2 wk. The left kidney was exposed through a midline incision under sterile conditions; the ureter was dissected and securely clamped using a microclamp (B-1, Fine Science Tools, Foster City, CA) for 3 days and then followed by removal of the clamp. Volume depletion was prevented by the administration of 0.1 ml saline into the peritoneal cavity during both surgeries. The midline incision was closed, and mice were returned to their cages and allowed free access to food and water. As control, sham surgery was performed without clamp of the ureter. Mice were euthanized after 2 wk, and left kidneys were collected for protein, RNA isolation, and histological evaluation. Animals with 3 days of UUO were euthanized without release of the clamp; kidneys were analyzed similarly to the UUO/release samples. Obstruction and reversal of obstruction were confirmed visually by the presence and absence of hydronephrosis (43) .
Ischemia was induced (33) in anesthetized animals [pentobarbital sodium (50 mg/kg)] by exposure of the left kidney under sterile conditions through a midline incision. The kidney was decapsulated, and the renal hilum was clamped with a small arterial clamp for 35 min and then released. During the course of the surgery, volume depletion in the mice was prevented by the administration of 0.3 ml saline into the peritoneal cavity. After surgery, animals were returned to their cages and allowed free access to food and water. Forty-two days after reflow, as indicated, animals were euthanized, and left kidneys were prepared for protein isolation.
Quantitative PCR. TGF-␤1 and GAPDH mRNA levels were determined by quantitative RT-PCR. Total RNA was extracted from cells or mouse kidney tissue and treated with RNase-free DNase before reverse transcriptase reaction. Real-time PCR was carried out using the StepOnePlus real-time PCR system (Invitrogen, Foster City, CA) with iTaqSYBR Green Supermix with Rox (Bio-Rad, Hercules, CA). In each experiment, triplicates of 50 ng cDNA (total RNA equivalent) samples were amplified in a 20-l reaction. Specificity of the amplified product was confirmed by melting curve analysis and agarose gel electrophoresis. For relative quantification, a standard curve was generated from a six-step cDNA dilution series. Samples were amplified with primers for TGF-␤1, GAPDH, and 18S rRNA. The relative expression of genes was calculated from the standard curve. Relative quantity was calculated by the ratio of gene-specific and appropriate 18S rRNA expression. The primer sequences in the RT-PCR were as follows: TGF-␤1, forward 5=-CGAGGCGGT-GCTCGCTTTGT-3= and reverse 5=-CATAGATGGCGTTGTTGCG-GTCCA-3=; and 18S rRNA, forward 5=-AGGAGTGGGCCTGCG-GCTTA-3= and reverse 5=-AACGGCCATGCACCACCACC-3=.
In situ determination and quantitative analysis of fibrotic markers in kidney tissues. Formalin-fixed, paraffin-embedded 5-m kidney sections from sham and UUO kidneys were stained with picrosirius red for 1 h. Positive collagen staining in the interstitium was detected by light microscopy using circularly polarized light. Photographs from the entire kidney cross-section were analyzed by ImageJ software (http://rsbweb.nih.gov/ij/download.html) to quantify collagen accu-mulation. Sections from the same kidneys were stained with periodic acid-Schiff reagent or Masson's trichrome and used to evaluate morphological changes by light microscopy.
Both p21 and Cdk2 were fused in frame with COOH-terminal GFP. These fusion proteins retained the biological activity of the native proteins (42, 56) . GFP, which indicated the presence of the transgene, was localized using 5-m paraffin-embedded kidney sections from transgenic and nontransgenic mice. Sections were deparaffinized, endogenous autofluorescence was quenched by treatment with glycine, and sections were mounted with medium containing 4=,6-diamidino-2-phenylindole. GFP was detected using a Nikon E-800 fluorescent microscope.
Statistical analysis. Results are presented as means Ϯ SE. Statistical analyses were performed using an unpaired Student's t-test for independent samples. P values of Յ0.02 were considered to be statistically significant.
RESULTS

p21-dependent fibrosis in the mouse kidney.
Using a model of 3-day UUO and 14-day release, we found that induced kidney fibrosis was dependent on p21 expression. As shown in Fig. 1 , p21 knockout mice were protected from fibrosis compared with wild-type mice.
Identification of cells signaling fibrotic changes. There are conflicting evidences to identify the cell population that eventually differentiates into a fibrotic phenotype. Similarly, the cellular source of the molecular signal for fibrosis has also not been described. We have developed strains of mice in which either p21 or DN-Cdk2 can be induced specifically in kidney proximal tubules (Fig. 2 ) using testosterone-inducible KAP (22) . This promoter confers kidney proximal tubule-specific and androgen-responsive expression on several transgenes (8, 22, 34) . Since both p21 and Cdk2 are endogenous proteins, to confirm protein expression of the transgenes, they were fused in frame with COOH-terminal GFP. The activity of the fused protein is unaffected in the transgene (56) . As shown in Fig. 2 , GFP localization indicated the colocalization of the GFP-fused transgene. Induction of the transgene by testosterone was confirmed by RT-PCR with primers representing the 5=-end of p21 and the 3=-end of GFP (data not shown). Double staining for expressed transgene and proximal tubule-specific protein expression (L-aromatic amino acid decarboxylase) showed colocalization of the transgene with proximal tubule cells (data not shown).
To determine the extent of fibrosis in kidney after 3-day UUO and 14-day release, we stained kidney sections from mice with picrosirius red, analyzed the entire kidney crosssection (Fig. 3, representative sections) , and quantified fibrosis (Fig. 4 , fibrosis bar graphs) using ImageJ software. Compared The localization of fibrosis observed with picrosirius staining was primarily in the inner stripe of the outer medulla and secondarily in the corticomedullary junction (Fig. 3, C-F) . At the same time, very little and patchy fibrosis was observed in the kidney cortex.
Induction of TGF-␤ in response to p21 expression. We found that a fibrotic signal was generated by p21 competent kidney proximal tubule cells in vivo. We next wanted to see whether TKPTS cells, which were originally derived from mouse proximal tubule cells (10), were able to generate similar signals in vitro. We used AA exposure as a positive control, since it is known to cause progressive renal fibrosis (40, 57) . TGF-␤ 1 mRNA expressed in untreated cells was induced in TKPTS cells after 24-h AA exposure (Fig. 5A, lanes A and B,  1 .014 Ϯ 0.016 and 1.813 Ϯ 0.103, P Ͻ 0.0001). Also, 48 h after transduction with p21-expressing adenovirus, TGF-␤ 1 mRNA was induced to an even higher level than AA (Fig. 5A , lane C, 4.968 Ϯ 0.493, P Ͻ 0.0001 compared with control cells or AA-treated cells). Furthermore, mRNA was induced and TGF-␤ 1 protein was secreted into the medium (Fig. 5B) . Similarly, other TGF-␤ family members were induced and secreted after p21 treatment. We have previously used expression of NH 2 -terminal and COOH-terminal fragments of p21 protein to differentiate between several possible functions of this protein, and expression of the NH 2 -terminal fragment increased TGF-␤ 1 mRNA relative to control (Fig. 5A, lane D,  1 .488 Ϯ 0.0883, P Ͻ 0.0001), but the level of expression was significantly lower than that with full-length p21. Expression of the COOH-terminal fragment did not induce higher TGF-␤ 1 mRNA relative to control (Fig. 5A , lane E, 0.999 Ϯ 0.112, P ϭ 0.81). This indicates that p21 protein could be acting as a Cdk inhibitor to control TGF-␤ 1 mRNA expression, since the binding moiety of Cdk is in this fragment. To explore this possibility, we transduced TKPTS cells with adenovirus expressing DN-Cdk2 or treated with a Cdk-inhibitory drug, purvalanol. Both DN-Cdk2 expression (Fig. 5A, lane F) and purvalanol exposure (Fig. 5A, lane G) increased TGF-␤ 1 mRNA compared with control (1.652 Ϯ 0.2675, P ϭ 0.0004, and 1.686 Ϯ 0.0964, P Ͻ 0.0001, respectively). Compared with AA, the increases of TGF-␤ 1 mRNA caused by DN-Cdk2 and purvalanol were statistically equivalent (P ϭ 0.56 and P ϭ 0.39, respectively). p21-GFP primarily localized to the nucleus, whereas DN-Cdk2 primarily localized to both the nucleus and cytoplasm (Fig. 6 ). The level of induction of TGF-␤ 1 mRNA by p21 compared with DN-Cdk2 could have been influenced by this difference in intracellular localization, as will be discussed below.
To determine whether TGF-␤ 1 expression in vivo after different renal injuries was dependent on p21, we measured mRNA levels after 3 days of UUO (Fig. 7A ) and protein expression 42 days after renal ischemia (Fig. 7B) . Compared with control, TGF-␤ 1 mRNA was elevated in wild-type mouse kidneys (Fig. 7A, columns A and B, 1.13 Ϯ 0.13 and 2.09 Ϯ 0.07, P ϭ 0.0017) but not elevated in p21 knockout compared with control (Fig. 7A , column C, 1.22 Ϯ 0.06, P ϭ 0.65). Induction of the p21-GFP transgene in kidney proximal tubules in a p21 knockout background also elevated TGF-␤ 1 mRNA relative to control (Fig. 7A, column D, 1 .94 Ϯ 0.18, P ϭ . TKPTS cells were cultured and either not treated (A) or exposed to aristolochic acid (B), transduced with adenovirus (C-F), or exposed to purvalanol (G). After either 24 h of aristolochic acid or 48 h of virus, RNA was isolated and mRNA induction was determined by real-time PCR. Adenoviruses were expression vectors for either full-length mouse p21 (C), NH2-terminal p21 (D), COOH-terminal p21 (E), or DN-Cdk2 (F). Bar graphs are means Ϯ SE. B: TGF-␤ proteins in TKPTS cells. TKPTS cells were cultured in complete medium for 24 h, medium was changed into serum-free medium, and cells were infected with adenovirus. Cells were incubated for an additional 48 h before collection. Medium was concentrated by acetone precipitation, and proteins were resolved by 15% PAGE. Western blots were developed using TGF-␤1 antibody, TGF-␤2 antibody, and TGF-␤3 antibody. Samples represent uninfected TKPTS cells (A) and p21 adenovirus-transduced TKPTS cells (B). 0.085), which was not statistically different from the elevation in wild-type mouse kidneys after UUO (P ϭ 0.49). After renal ischemia, TGF-␤ 1 protein compared with control (Fig. 7B, lane  A) was elevated in all p21 knockout mice expressing either p21 or DN-Cdk2 transgene in proximal tubules (Fig. 7B, lanes B and C or lanes D and E, respectively) or in wild-type mice (Fig.  7B, lanes F and G) . TGF-␤ 1 protein expression in kidneys from p21 knockout mice after ischemia (Fig. 7B, lanes H and I) was not elevated compared with control. Similarly, TGF-␤ 1 mRNA levels were measured after 3-day UUO/2-wk release (Fig. 4 , TGF-␤ mRNA bar graphs). Compared with kidneys from control mice (Fig. 4A, TGF-␤ mRNA) , there was no difference in the amount of TGF-␤ 1 mRNA in p21 knockout mice that underwent UUO/release (Fig. 4B , TGF-␤ mRNA, 4.3 Ϯ 0.17 vs 5.4 Ϯ 0.57, P ϭ 0.19). There were minor differences in the amount of TGF-␤ 1 mRNA when control mice were compared with wild-type, UUO/release (Fig. 4C , TGF-␤ mRNA, 7.5 Ϯ 1.54, P ϭ 0.05), or testosterone-treated KAP2-DN-Cdk2 in p21 knockout (Fig. 4F, TGF-␤ mRNA, 7 .0 Ϯ 1.02, P ϭ 0.04). The greatest statistical differences in the amount of TGF-␤ 1 mRNA expression was when we compared control with either wild-type p21/KAP2-p21 transgenics (Fig. 4D , TGF-␤ mRNA, 8.15 Ϯ 1.03, P ϭ 0.0074) or p21 knockout/ KAP2-p21 transgenics (Fig. 4E , TGF-␤ mRNA, 7.38 Ϯ 1.09, P ϭ 0.0083). There were no statistical differences when we compared any of the mouse populations from mice that underwent UUO/release.
Mechanism of TGF-␤ 1 mRNA induction by p21. The induction of TGF-␤ 1 mRNA by p21 was significantly higher using full-length protein (Fig. 5A, lane C) than either the NH 2 -terminal fragment (Fig. 5A, lane D) , the COOH-terminal fragment (Fig. 5A, lane E) , or both fragments coexpressed together (data not shown). mRNA stability assays (Fig. 8) showed that during the first 8 h after transcription was terminated, the half-life of GAPDH mRNA (ϳ8 h) was unaffected by p21. In contrast, the half-life of TGF-␤ 1 mRNA increased from ϳ10 to ϳ30 h after p21 exposure, which would explain its accumulation after p21 adenovirus transduction. This interpretation is supported by our inability to demonstrate any effect on the mouse TGF-␤ 1 promoter (nt Ϫ1799 to ϩ59) in a luciferaselinked plasmid by p21 expression (data not shown). Similar conclusions of mRNA stabilization were reached for TGF-␤ 1 mRNA induction by 12-O-tetradecanoylphorbol-13-acetate (51) and by TNF-␣ induction of TGF-␤ 1 mRNA (47). Fig. 6 . Localization of p21-GFP and DN-Cdk2-GFP in TKPTS cells. TKPTS cells were transduced with adenoviruses expressing either p21-GFP (A) or DN-Cdk2-GFP (B) and photographed after 24 h. Cells were stained with 4=,6-diamidino-2-phenylindole to visualize the nucleus, and the images merged. Fig. 7 . A: TGF-␤ mRNA induction in the mouse kidney after 3-day UUO. Mouse kidneys were harvested from untreated mice (A) or after 3 days of UUO without release (B-D) and processed for RNA isolation. TGF-␤ mRNA was quantified by real-time PCR. Mouse genotypes were either wild-type (B), p21 knockout (C), or p21 knockout containing kidney androgen-regulated promoter (KAP)2-p21 transgene (D). Mice with transgenes were treated with testosterone to induce the transgene. The control genotype was wild-type. Bar graphs are means Ϯ SE. B: TGF-␤1 protein induction in the mouse kidney after unilateral ischemia. Mouse kidneys were harvested from untreated mice (A) or 42 days after 35 min of unilateral ischemia-reperfusion (B-I) and processed for protein isolation. Proteins were resolved by 15% PAGE, and Western blots were developed using TGF-␤1 antibody. Mouse genotypes were either p21 knockout containing KAP2-p21 transgene (B and C), p21 knockout containing KAP2-DN-Cdk2 transgene (D and E), wild-type (F and G), or p21 knockout (H and I) . Mice with transgenes were treated with testosterone to induce the transgene. The control genotype was wild-type. Tubulin detection is included as a loading control.
DISCUSSION
Studies on AKI using animals models (3, 12, 46) and recent epidemiological studies (2, 17, 28) have showed that AKI significantly contributes to the progression of CKD. At present, the relative importance of contributions from either tubular or interstitial processes to fibrosis and CKD is unclear (18) . In this work, we report that p21-depleted kidney cells were protected from UUO-initiated fibrosis (Figs. 1, 3, and 4) . Furthermore, in this background, expression of p21 only in proximal tubule cells was sufficient to completely restore fibrosis development throughout the kidney (Figs. 3 and 4 ). Although it is not possible to determine at this time whether other kidney cells could also generate a fibrotic signal, it is apparent that tubular epithelial cells are sufficient to induce fibrosis after an acute injury. From this present work, we cannot demonstrate the differentiation of cells into myofibroblasts, but it is apparent that the fibrotic signal can be initiated from damaged p21-competent proximal tubules even in a genetic background (p21 knockout) that is resistant to fibrosis.
There is general agreement that interstitial processes of fibrosis are started by paracrine factors. Venkatachalam et al. (50) postulated that signaling events in regenerating tubules that fail to regenerate can produce paracrine factors resulting in inflammation and fibrosis. Here, we show (Fig. 3, E and F) that the fibrotic signal can be initiated solely in proximal tubules, which are concentrated primarily in the kidney cortex and are minimally present in the inner stripe of the kidney. However, induction of p21 in proximal tubules resulted in little fibrosis in the kidney cortex, and similar to the wild-type mouse kidney, was mostly confined to the inner stripe. This observation supports the idea that the signal for fibrosis is most likely a paracrine factor. There is little knowledge with respect to how cellular stress controls the production of profibrotic paracrine molecules. One main factor is the production of TGF-␤ (11, 20, 21, 23, 25, 26, 44, 45) . The TGF-␤ signaling pathway plays a major role in all fibrotic diseases. Previously published results have demonstrated the importance of TGF-␤ signaling for myofibroblast transdifferentiation (1) and blockade of integrins thought to activate latent TGF-␤ reduced collagen staining in kidneys of ureteral obstructed mice by 50% (15) . TGF-␤ stimulates fibrosis not only via its direct effects on fibroblasts but additionally by inducing the production of other molecules like Notch (4), connective tissue growth factor (36), or PDGF-␤ (11, 48, 50), which also stimulate fibrosis (38) .
TGF-␤ receptor-2 (TGF␤R-2) is located on the cell membrane and forms heterocomplexes in reaction to ligand binding. TGF␤R-2 phosphorylates TGF-␤ type 1 receptors, which then propagate the signal (52) . Secreted TGF-␤ is arguably the major profibrotic cytokine and a central mediator of fibrosis in multiple organs. It is secreted as a latent complex, and much of its functional regulation in tissues is based on extracellular activation of this latent complex (13, 35) . In many epithelial cells, TGF-␤ induces both p15
Ink4b and p21
, which in growing cells inhibit Cdk4/6 and Cdk2/1, respectively, although the particular Cdk inhibitors in this response depend on the cell type (29) . Expression of p21 and/or p16
Ink4a have been shown to be associated with the induction of senescence in a variety of cell types (16) , but an examination of several nonproliferative states, including reversible and replicative quiescence and terminal differentiation, showed that mitotic reactivation could be accomplished most effectively by inhibition of p21 expression (37) .
Cell cycle arrest or dysregulation has recently been linked to fibrosis. We first described that genetic deletion of the p21 gene in the fibroproliferative model of CKD induced by 5/6 nephrectomy (31) resulted in a hyperplastic rather than hypertrophic response in kidney tubular cells. In contrast with wild-type mice, p21 knockout mice were protected from functional changes, such as severely decreased kidney inulin clearance and elevated blood pressure, and from histological changes, including glomerulosclerosis and interstitial fibrosis. We reported that these differences were apparent from 6 to 16 wk after surgery, but interstitial fibrosis in p21 knockout mice was not evident even 52 wk after renal ablation (data not reported). This model of chronic renal fibrosis is induced by severe decrease of kidney parenchyma and does not represent the progression of chronic disease from an acute form of renal injury. We previously showed that p21 mRNA was induced in the mouse kidney after UUO (33) , an acute injury that progresses to chronic fibrosis (6, 24, 25, 27, 39, 43, 44) . Using the model of UUO, in which the obstruction was released 3 days after initial surgery (43), we show ( Fig. 1 ) that p21 knockout mice were protected from fibrosis, as visualized with Masson's trichrome stain, compared with wild-type mice. Yang et al. (55) , using five in vitro models of AKI, demonstrated the development of fibrosis and production of profibrotic cytokines that was correlated with cell cycle arrest of cultured proximal tubule epithelial cells. We now show that expression of p21, which we found to be elevated in all models of kidney injury (31, 33), directly induced the accumulation of TGF-␤ mRNA and secretion of TGF-␤ protein from cultured renal proximal tubule cells (see Fig. 5, A and B) . Also, we show that in two in vivo models of acute injury to the kidney (Figs. 4 and 7, A and B) , expression of either p21 or DN-Cdk2 only in proximal tubules was sufficient to induce fibrotic changes in the kidney interstitium similar to those observed in wild-type animals. These data solidify the observations that fibrotic factors are paracrine and that kidney proximal tubules play a major role in kidney fibrosis. The acute injury models of UUO and unilateral ischemia-reperfusion extend our previous observation (31) in the 5/6 nephrectomy model of end-stage kidney disease to provide a mechanistic explanation of how proximal tubular injury induces fibrosis. It remains to be seen whether fibrotic cytokines accumulate because of the activity of p21 to inhibit Cdk2 or Cdk1 or affect other proteins. The model of UUO/release also illustrates that p21 expression after 3-day UUO, either by endogenous gene expression in wild-type mice or by induced expression in p21-GFP transgenics, was sufficient to induce TGF-␤ 1 mRNA and lead to fibrotic changes visible 2 wk after release of UUO. In this model, in which the stress of UUO is relieved after 3 days, TGF-␤ 1 mRNA amounts, although still elevated, approach control levels after UUO release (Fig. 4 , TGF-␤ mRNA).
The finding that p21 induction is deleterious in models of chronic renal failure but is beneficial in acute models (31, 32, 41) points toward possible different protein interaction domains of the molecule (56) . In addition, it is noteworthy that the nuclear localization of the Cdk-inhibitory domain of p21 seems to be necessary for TGF-␤ induction since induction was limited using the NH 2 -terminal half of the protein, which contains the Cdk domain but lacks the nuclear localization signal. This could be the reason why induction by p21 was significantly higher than that by DN-Cdk2, since only the p21 protein localized exclusively to the nucleus (Fig. 6) . The COOH-terminal half of p21 was incapable of inducing TGF-␤ mRNA accumulation (Fig. 5A) .
There is evidence of a feedback loop involving TGF-␤ transcription, p15, Cdk4, and Cdk2 (30) . The canonical signaling pathway is that after TGF-␤ signals and activates its receptors, Smad 2 and Smad 3 then mediate the transcription of TGF-␤-responsive genes, including the antiproliferative genes p15 and p21. G 1 cyclin-dependent kinases (Cdk4 and Cdk2), which are inhibited by p15 and p21, respectively, can phosphorylate Smad 2 and Smad 3, decreasing their transcriptional activity. The data we show in Figs. 5 and 7 suggest that p21 induction precedes TGF-␤ signaling. This does not conflict with known pathways of TGF-␤ signaling, but it suggests that induction of TGF-␤ in response to kidney injury is dependent on prior expression of p21. It had been pointed out by Cochrane et al. (6) that 6 wk after release in the UUO/release model, there was significant structural and functional repair in the injured kidney. The level of p21 was not measured in this study, but it is possible that decreased stress will reduce p21 induction, which could downregulate TGF-␤ and resolve fibrosis. Even without relieving stress, it may also be possible to reduce p21 induction therapeutically. Genetic ablation of the p21 gene has little if any known consequences (7) , so that it is likely that therapy targeting p21 expression would be beneficial in fibroproliferative diseases.
